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SUMMARY

-'-A re-dew .has-been made of the basic shock tube along with the

various modifications required to produce hypersonic flow of short

duration. Modifications to the driver system include multiple

diaphragms, area discontinuities at the diaphragm station and

conustion drivers. The influence ot real gas effects, including

shock wave attenuation, has-been noted for both the production of

strong shocks ( M > 3 ) and the creation of hypersonic flov in an

expansion nozzle. Nonreflected, reflected and tailored-interface

type shock tunnels are discussed in--Section 6' along with their

starting problems, real gas effects and Reynolds number and stag-

4. nation temperature simulation. Detailed calculations have-been

omitted for simplicity but many figures have-been presented which

illustrate the operation of the various shock tube configurations.

Further details may be obtained from the references given. The

advantages and disadvantages of the various methods of producing

hyp:rsonic flow are sunmiarized.on "the follaiing pages.

vii
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DRIVER SYSTENS FOR 1U~PERSONIC S1100K TUNNELS

Type Advantages Disadvantages

1. Uniform Tube, I. Simplest method I Large diaphragm
Single Diaphragm pressure ratio re-
Station quired to produce

strong shocks.

2. Multiple Diaphragm 1. Overall pressure ratio 1. Added complexity.
Stations reduced for a given shock Probably not too prac-

Mach number or a gain in ticl. when more than
__________ ,_ Ms for a given Pjls two diaphrags are

p. used.
I.- DiW.----nOu.. 2. May be cobined ith

buffer gas technique inorder to use cold drivers.

3. Area Discontinuity l. Overall pressure ratio 1. Diaphragm pressure
at the Diaphragm less than that of (1) for ratio required is
StationD  isme conditions, still relatively high

when used with cold
- 2. May be combined vth(2) drivers.

P to give an additional 6ai
in performance over (2)$ -2. Driver section

must be reinfdreed
pi- Over - Orlw" due to larger area.

;. Combustion Driver 1. May be used for any of 1. Added complexity
the above methods. of igniting driver gas.

2. Inck-eases both pressure 2. M y be erratic in
m -*Og ]o and internal energy ratio operation-detonation

across diaphragm. in a problem.

3. Theoretically, most eff- 3. Difficult to ach-
icient form of driver ieve constant volumeDriven .-W burning which is iost

P4 O efficient combustion
system.

4. Attenuation greater
than cold drivers

5,. Driver section must
be reinforced to with-
stand increased press-
ure.

viii
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5. Buffer Gas 1. Enables cold hydrogen 1. Added complexity
to be used as driver without of introducing a
creating combustion at the third gas.

- ,contact surface.
2. Two diaphragm1 -- 2. Reduced overall diaphragm stations required.L _- b[ Ps pressure ratio for same shock

Mach number or increased
for same overall P41 .,-Dri;r- +8V fro.",. Dr'von

s .p,*A, 3. Combined with (3) to
give performance equal to

4. Attenuation problem
alleviated.

5. Extends range of tailored
interface method for cold
hydrogen driver to 1 15.

i x
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IIYPERSONIC TEST FACILITIES

T Advantages Di sadvantaaes

1. Simple Shock Tube 1. Simplest method. i. Maximum Mach

D number in test region
2. Simulate Re and temp- is aproximately

, erature without any modif- three.
I 2. A long tube is

needed to obtain a
reasonable test time.

3. Attenuation pro-
blems.

(4) 4. Relatively small

0 models.

2. Divergent Expansion 1. Larger models. 1. Mederate Re sim-
Nozzle - Non-reflected ulation.
Method 2. Increase in test Mach

number for same- shock Mach 2. Attenuation still
number. a problem.

3 3. May be added at exit of 3. Tube must be as
type 1 without modifying ex- long as type 1.L01 . CL , , isting structure.: b ,/ -- . ,, # 4, Running "time only

slightly longer than
type 1.

5. Starting problems
may require the add-
ition of a plenum
chamber.

________ ___ _ 6. Two step nozzle
Sx may be required for

hypersonic Mach
numbers.

3. Reflected Method 1. Large models. 1. Low Re simulation

I TT' 2. Higher test Mach number 2. Tube still rela-II ! I Li .. 1 o.b for same Ms than types 1 and 2. tively long.

[n+c3. - e -. Attenuation problem only 3- For same shock
+ ,f affects production of reservoir Mach number testtime_- e conditions so smaller diameter reduced due to refl-

5 a A- tube may be used, ected shock Interat-
in with the contact/It. Slightly longer test time surface.

-* /then types 1 and 2 for same
test Mach number.

y.
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Type Advantages Disadvantages
3. (contd.) 5. Starting pressure ratio 4. Stagnation tenp-

less than type 2 erature may be high
enough to cause for-
nation of nitric
oxide which may be
frozen by expansion.

4. Tailored-Interface 1. Large Model. 1. Tow Re as for
Method - UnsteadY type 3.
Mbdification 2. Same test Mach number

range as type three. 2. Running times
3eare log enough to

greater than type 2. nozzle throat.
D C =u - 4.Channel length may be 3. Radiation losses

ItT 5. Attenuation less due to 4. Driver gas must

shorter channel. be heated at higher
Mach numbers in or-

7S4 der to achieve
E/ " e tailoring (see also

5. Longer driver
sectionmust be long-

er than for type 3.

6. Driven section
must withstand high-
er pressure than
types 2 and 3.

5. Tailored-Interface 1. Test times are 25 times 1. Nozzle at dia-
Method - Steady that of type 2. phragm station must
Mdification be changed for each

2. Other advantages as above, test Mach number.

2. Diaphragm press-
ure ratio is higher

R than type 4.

Driver 4-Driven 4 4,,Nr/ 3. Other disadvan-

tages as above.

0 Xi
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1. INTRODUCTION

During the past five years the shock tube, and its various develop-

ments,hbwge achieved prominence as a device for the study of hypersonic

flow. This apparatus has an advantage over the wind tunnel in that

both Mach number and temperature can be simulated. There is a disad-

vantage in that total testing times are very short, of the order of

one millisecond, so that special instrumentation techniques are required

for the measurement of the flow quantities. However, methods have been

developed for physical measurements in the short tim available and quite

acceptable results have been obtained.

It is the purpose of this report to outline some of the more recent

developments of the shock tube principle. As these developments are only

modifications, a brief resume of the theory and operation of the simple

shock tube will also be presented. A more historical introduction is to

be found in Refs. 1, and 2 which contain many references to earlier

research in this field. A review of more recent advances is given by

Ifrtzberg (Ref. 3) and Glass and Hall (Ref. 4).

2. THE SIMLE SHOCK TUBE

The simple shock tube consists of a straight tube of uniform cross-

section separated by a thin diaphragm which divides the tube into two

compartments and enables a pressure ratio to be created between them.

One compartmcmt io mowm as the hig:h pressure chenibcr, or driver section,

the other, the lo, pressurc channel, or drir-rn section. Usually the

driver .ection is pressurizedI uhile the driven section may be either
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Xevacuated or at atmospheric pressure. The Bases in both sections are

normally in thermal equilibrium. Upon rupturing the diaphragm the

wave system shown in Fig. 1 is established.

Theoretically, upon removal of the diaphragm, a shock wave is

propagated into the low pressure section and the high pressure gas

expands into the driven section by means of a rarefaction wave cen-

tered at the origin. This is not quite true in practice as the

rarefaction wave is not centered at the origin and the shock wave

takes a finite time to form from a series of compression waves created

when the diaphragm is removed. However, these deviations from the

ideal theory are not too important for practical purposes and after

the shock has formed it is considered to travel at a constant velocity.

The gas in the driven section is compressed and heated by~the

shock wave while the driver gas is expanded and cooled by the rarefaction

'wave. Thus two bodies of gas exist in the shock tube Thich are brought

to the same pressure and have the same particle velocity but due to

different Iermative processes their temperature, density and entropy

are different. These two states are separated by an interface or

contact surface which in practice is more of a region rather than a

plane surface. This contact surface, or contact front as it is called

by some. authors, travels at the particle velocity. Therefore, behind

the shock there is a-region of steady flow at a high pressure and

temperature while behind the contact surface the flow is again steady

with the seme pressure but at a lower temperature. Due to the steady

2
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nature of these states many attempts have been made to utilize them

for aerodynamic testing. The particle velocities are identical in

each state but due to the lower temperature in (3) the Mach number

(M3 ) is higher than in (2). 1owever, state (2) is more adaptable to

hypersonic testing due to temperature requirements and in practice

is found to be rauch more uniform than region (3). (5) (6) (7) The

testing time is determined by the length of the driver and driven

sections, the gas combination used and the strength of the initial

shock wave. (2) If the shook tube is too short the flow will be

terminated very quickly by reflected waves from the closed ends.

Por an infiritely lon tube the test time at a station, x is the

interval between the arrival of the initial shock wave and the

passing of the contact surface. Therefore, for strong shockpkVhere

the contact surface velocity is high, the test section should be as

far as possible from the diaphragn station. The total lengths of

the driver and driven sections must be chosen so that the reflected

shoch and rarefaction waves do not return before the arrival of the

contact surface. The ideal lengths will be such that the reflected

shock and rarefaction meet the contact surface at the test section.

3. l ASIC SHOCK TUBE EQUATIONS

The states on each side of the rarefaction are related by the

isentropic relationships while the normal shock relationships are

employed for the transition across the shock front. These two solutions
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can be matched at the contact surface and the physical properties of

the complete shock tube flow determined. This procedure leads to the['following identity which is the basic equation for the shock tube.

Equation (3:1) indicates that the shock pressure ratio (P21) is a

fumction of the diaphragm pressure ratio (P41 ), the internal energy

ratio (E14) and the specific heat ratio of the driver and driven

gases ( *9 and W, ). The requirements for producing strong shock

waves, which are necessary in order to achieve temperatures suitable

for hypersonic simulation, may be better examined by allowing the

diaphragm pressure ratio0(P14 ) to equal zero in the above equation.

This gives the following:

+p1  CV., + J ____ 2 (3:2)
194 '4A A444E4

Upon examination of this equation it is found that two methods present

themselves for the production of strong shock vaves in a simple shock

tube. The diaphragm pressure ratio, (P4 1 ) can be made very large or

the energy ratio across the diaphragm 1(Ei4) cen be made very small, or

both. The energy ratio may be reduced by heating the driver and cool-

ing the driven gases, but a ure commn method is to use a light driver

gas and a heavy driven. gas. The aerodynamicist usually likes to use

i Ii

=

'I
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air as a test gaswith possibly nitrogen as a second choicewith helium

or hydrogen drivers. Figure 2 gives the diaphragm pressure ratio re-

quired for a range of shock pressure ratios for the combination Air/Air,

He/Air, and H2 /Air for the simple shock tube case while Fig. 3 presents

the variation of shock wave Mach number(Ms) and particle velocity (U21)

with diaphragm pressure ratio,(P41 ) for the three gas combinations.

It can be seen from these two figures that a great advantage is

gained by the use of helium or hydrogen as a driver gas. The internal

energy ratio can also be reduced by heating the driver gas either by

electrical heating or by the ignition of combustible mixtures which

give high values of T4 . The combustible mixture is usually a stoichio-

metric mixture of hydrogen and oxygen diluted with excess hydrogen or

helium.(8 ) This method has seen widespread use for the production of

strong shock waves in shock tubes. Another method used in gun tunnel

versions of the shock tube is to compress the driver gas by a pistan

driven by an explosive process, usually the ignition of a powder charge.

This compression raises the pressure and temperature to a predetermined

level goveraed by the strength of the diaphragm which then bursts

initiating the flow.

Having established Eq. (3:1) all the other flow quantities can be

determined. The most useful equations are listed below in nondimension-

al notation. (2)

5



CONVAIR - San Diego Report No. Z -65.-050

L. 1. Density ratios

r'- 'X4 J pJ4 (3:3)

-, I c ,P, (3:4)

2. Speed of sound and temperature ratio

At 0A1 4  (3:5)A34 = T34  P [A 2

A21  72)P~ 2 (3:6)

= (4o P,, j(
3. Velocity of the shock wave

Ms 1 S (3:7)

4. Particle velocity or contact surface velocity

U2), _ 0,-I (3:8)

Y, [(91 (WP,2,1 
(3:9)

5. Local Mach numbers [4
M U. (814 'JO (3:10)

AY34

M41 , (3:11)

Av , ,P ,, 5,
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6. Speed of the head and tail of the rarefaction wave

C = ( A 4  (3:12)

C44: -

The head of the raifaction wave travels at the velocity of sound of

the driver gas.

It is of interest to examine the limits of these equations for an

infinite value of the diaphragm pressure ratio. Table I is a compari-

son of three different driver gases, air, helium, and hydrogen in com-

bination with air as a driver gas. Table I indicates more than a ten-

fold increase in shock strength when hydrogen, rather than air, is used

as a driver gas. This same increase is obtained in the temperature

achieved in the region behind the shock, however, the Mach number in

the steady state region (2) is limited by this temperature increase,

and even for the ultimate case, where P1 4 and E14 are both zero, the

limiting Mach number (M2) is only 1.89. Thus Table I ilustrates that

although high temperatures may be achieved this Mach number restriction

prevents true hypersonic simulation in a simple shock tube. The results

shown in Table I are based on perfect gas theory (i.e. Y = 1.4) which

does not hold for the extreme shock pressure ratios calculated.

MD *1fDIFICATION OF THE SIMLE SHOCK TUBE FOR THE PRODUCTION OF STRONG SHOCK WAVES

4.1 INTRODUCTION

It is possible to improve the performance of the simple shock tube

by suitable modifications. These modifications include the installation

7
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or additional diaphragm stations and driver sections whose cross-sectional

area is greater than the drivdn section.(9) (10) (11) The former method is

[ a device which sacifices pressure ratio in favor of an increased temp-

erature ratio, The latter creates an additional expansion at the diaphragm

station which converts thermal energy into kinetic energy. Therefore,

in both cases, it is possible to produce the same shock strength as a

uniform tube but with a smaller diaphragm pressure ratio, or conversely,

to produce a stronger shock for the same diaphragm pressure ratio.

Another method., which increases the temperature ratio across the dia-

phragm, is to use a combustible mixture as a driver gas. Rather than

use combustible mixtures it is sometimes more satisfactory to use either

cold helium or hydrogen as a driver, as mentioned in Section (3). A

further modification of this technique has been to introduce an inert

butfer gas between the hydrogen driver and the air test gas with an

area discontinuity at the buffer-air diaphragm station.(l2) (13) These

methods will now be examined in more detail.

4.2 MULTIPLE DIAPHRAGM SHOCK TUBES

Figure 4 is a sketchof a shock tube of constant area utilizing

two diaphragms. D1, is the primary diaphragm which is ruptured first

producing the shock S6 . This shock wave is reflected at diaphragm

D2 bringing the gas in state 5 to rest and raising its temperature

and pressure. After a short delay, diaphragm D2 is removed and a

new wave system is produced resulting in the shock wave Sl which is of

greater strength than the shock, S6 . Comparing 15ig. 1 and Fig. 4 for

the same overell temperature ud pressure, and wth TI=T 6=T8 , 1= 6=  8
'.3

8

____
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will give an idea of the increase in shock strength for the double

diaphragm case. As the gas is brought to rest ahead of D2 the pressure

and temperature ratios of interest in both cases are P41 and T41 .

However, P4d Ps while Td> T4s which gives a shock of greater

strength than the system shown in Fig. 1. As an example of the gain

to be expected by the addition of diaphragm D2 consider the case where

the overall pressure ratios, P41 (Fig. 1) and P81 (Fig. 4) are both

equal to 103. Then from the Air/Air curve of Fig. 3, M,=3.14. For the

case shown in Fig. 4 let P61 =IO which means P8 6=102. The initial

shock wave Mach nuber)M6 will be found using Fig. 3 and is 2.37.

The final overall pressure ratio will be P4l = P4 6 X P61' The value

of P4 6 is obtained from interpolation of Table III in Ref. (9)

(P46 = 25.85)while T46 c 3.236. Having determined these new initial

conditions, the final shock Mach numberM 5 (=3.77) can be obtained by

interpolation from Table 1 Ref. (9). It is seen that a gain of 20%

in shock Mach number is obtained by the addition of the diaphragmD 2 .

The intermediate pressure, 16 can be adjusted so as to give a maximm

shock Mach number for a given overall pressure rtio, P8 ."

The above method may be somewhat simplified by making D2 weak enough

that the initial shock wave,1v- will rupture it on contact. This produces

an unsteady expansion from state 6 to state 1 resulting in a less efficient

process than the reflected shock type described above, but reducing the

complexity of the system caused by the introduction of a ntchanical or

electrical delay. The irave diagrem for this type of shock tibe is shown

9

/
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in Fig. 5. The analysis for this case is carried out in Ref.

Carr ing out the same calculation for the same conditions as used for

the example of the reflected shock type of double diaphragm shock tube

gives a final Mach number, iv. of 3.73 which is only a decrease of app-

roximately one percent. This variation wold be larger at higher Mach

numbers but the percentage decrease would probably never be large enough

to warrant adopting the delay type installation for a straight shock tube.

Ref. 9 indicates that for the maximum gain in Ms the predsure must

be approximately the geometric mean of the pressures on either side.

Then for a multiple diaphragm shock tube the overall pressure ratio is

given by Po = P1 
n , where P, is the individual pressure ratio across

each diaphragm and n is the number of diaphragms. It can be shown

(Ref. 9) that there is a maximum shock Mach number attainable irres-

pective of the number of diaphragms used and depending only on the

overall pressure ratio, across the shock tube. This relationship is

M. Max. = po 3/14 and Table II gives the values of M Max. attainable

over a range of reasonable overall pressure ratios for the conditions

of equal and T throughout. It is also shown in Ref. 9 that a multiple

diaphragm system, where all the diqphragms except the first have zero

pressure difference across them, is another method for creating strong

shock waves. If a shock wave of Mach number greater than 2.67 is

gencrated by rupturing the first diaphragm then, theoretically, the

ma.imum bbtainable shock speed increases without limit. In this system

the shock wave rcflecting off each successive diaphragm will increase

10
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the pressure and temperature ahead of that diaphragm producing a succ-

essively stronger shock.

4.3 AREA DISCONTInUITIES

As outlined in Section 2 the basic shock tube comprises a driver

and driven section of uuiform cross-section separated by a diaphragm.

However, many authors have shown that there is a gain in the final shock

strength by introducing an area discontinuity at the diaphragm station.

This arrangement may also be combined with the double diaphragm method

to give a further increase in the final shock strength. This latter

method is illustrated in Fig. 6. The area change may also be accom-

plished by a transition section as shown in Fig. 7.

In Fig. 6 if diaphragm D2 is eliminated a single shock system is

set up at D1 , with S5 being replaced by a rarefaction wave as in the

case of a uniform tube. If the shock SI, is such that 43< 1 then the

wave system will be as shown in Fig. 1, the flow being accelerated

subsonically to M_. However, if M3 >1 the gas in (6) is accelerated to

sonic velocity at the diaphragm station and is then further expanded by

a rarefaction wave to the supersonic Mach number, M3. The addition of

the diaphragm, D2 combines the multiple disphragm and variable geometry

type using a convergent transition section which may or may not contain

a convergent - divergent nozzle. However, the only advantage here is a

s,. oti.-r flor from the driver to the driven section as the flow processes

arc 1,? -thcr Lhe :ri. change is graduv:l or discontinuous.
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As in the previous section a compoaison will be made between the

uniform and the variable geometry shock tubes by determination of the

final shock Mach number achieved for identical overall pressure ratios.

An analytical expression for such a gain factor is not possible but by

use of tables and g:vaphs it is possible to determine these values of

I * . We will only consider the case of M3 1l which corresponds to the

range of shock strength required for hypersonic testing. Consider first

the case where the diaphragm, D2 is not present and that A3 =A, is the

minimum section such as shown in Fig. 7. Reference (10) develops the

following expression for the - erall pressure ratio, P41.

- y

V- -] Q I ) (4:3:1)
L4 all M3 =2

where 9 is an equivalence factor given by

2 Y4

2 - 4 (X4-i +, NJ A6 ' (4:3:2)

As I63b is the minimum section, M3b will be equal to unity but M3a must

be determined in order to calculate . Knowing the area ratio, All/A,

then 1,3 is determined from the following relationship.

A 4  ____________(4:3:3)

Al,1 +N - 1)

:L2



CONVAIR - San Diego Report No. ZR 658-050

It is seen from Eqs. (4:3:2) and (14:3:3) that for a given area

ratio 9 is a constant when M3 >.l. Therefore knowing the area ratio,

9 can be determined and a plot of P41 vs. P21 can be obtained. A

comparison of the shock Mach numbers attainable for area ratios of 1,

and eo is presented in Fig. 8. Table 3 is taken from Ref. (10) and

gives the maximum shock Mach numbers when P41 4.e for various gas com-

binations, four area ratios and two temperature ratio. Both ig. 8

and Table 3 illustrate that the gain in shock strength is not too

great even when the area ratio is infinite. Once again, however, the

gain achieved by increasing the sound speed in the driver gas is in-

dicated by Table 3.

As an example of the gain to be expected, through the use of an

area change at the diaphragm, consider the example used previoubly.

In this instance the area ratio will be 3:1, the diaphragm pressure,

P41 . 103 for an Air/Air combination with a constant initial temperature

ratio, T41 , which gives a final shock Mach number of 3.35. Combining

the multiple diaphragm method (two diaphragms) with the same area

discontinuity and total pressure ratio and with P8 6 (Fig. 6) = 102

gives M. 3.9. This is an increase of 16 per cent due to the

addition of D2 to the system, and an increase of nmrly 25 per cent

over a simple shock tube with the same P 1 .

The above exxmple is for an air driver but we have seen from Fig. 31

and Tables 1 and 3, that a light gas such as hydrogen or helium is a more

officient driver. 1iov(cvcr when hydrogen is used to produce shocks

c ,ustion occurs at the d-:ivcr-drivcn interface which sets up severe

" 13



r
CONVAIR - San Diego Report No. ZR 658-050

flow distulb'ances. liclium could be substituted as a driver but it is

not as efficient. A method to eliminate this combustion problem is

the use of a double-diaphragm shock tube with an inert buffer gas

between the driving hydrogen and the driven air. There is also an

area change incorporated at the diaphragm separating the buffer gas

and the air. Figure 9 shows the effect of varying the pressure and

molecular weight in various buffer gases for an overall pressure ratio

of 10 It is seen from the figure that a shock Mach number of approx-

imately 15 can be obtained by the use of any of the inert gases given

on the figure, however, the lighter gases such as helium require a

large pressure ratio across the downstream diaphragm. Consider as

an example a shock tube of this type with argon as the buffer gas. In

order to produce a shock Mach number of 13 a simple shock tube using

hydrogen as a driver woild require a of 7 X 10* If a large area

discontinuity is introduced the diaphragm pressure ratio is reduced to

1.8 X 10 . When an argon buffer is introduced between the driver

hydrogen and driven gas an overall pressure ratio of only 3.5 X l0 3

is required which is a reduction by a factor of 20. This method seems

to offer very good possibilities of producing strong shock waves using

cold driver gases.

4.4 COI.USTIOIT DRIVErs

A common method of producing strong shock, waves is by using a

combustible mixture which is ignited to give U.gh pressures and temp-

eratures in the driver. A typical composition for a combustible driver

is 13.33 per cent hydrogen 6.67 per cent oxygen and 80 per cent helium

as a diluent. The ignition of the hydrogen and oxygen raises the
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temperature and pressure of the helim wh-ich gives a large increase in

the energy and pressure ratios icross the diaphzagn. Excess hydrogen

has also been used as a diluent. Using this type of driver the diaphrag

is sally burst by the combustion of the mixture. Combustion may be produced

in three ways . A spark plug, or plugs, may be Lnserted in the di&iver

section which is fed by a iiigh voltage coil, producing the spark which

causes ignition. A heating wire may be inser-ted the length of the high

pressure chamber and a large current passed throaugh it which causes a

constant volume burning. The mixture may be allowed to ignite itself

by introducing the combustible gases and then adding the diluent until

the diaphragn ruptures, whereupon the hydrogen-oxygen mixtu-e will ignite.

It has been found that the constant volume process is the most efficient.

There is also a practical limit to which the driver gas can be heated due

to molecular dissociation at the higher temperatures. Figure 10 compares

the theoretical shock Mach numbers obtained over a range of diaphragm

pressure ratios for helium, hydrogen and combustion drivers. Curves are

presented for both the simple shock tube, (A4/Al=l) and one where A4 /Al=6.25.

5. DEATIONS FROM IDEAL FLUID MIORY

5.1 REAL GAS EFFECTS

In the previous chapters -he discussions and calculations have been

carried out assuming that the specific heat ratio, remained constant.

However, for shock Mach numbers geater than three the temperatures pro-

duced are high enough to invalidate this assumption and the variations

from an ideal gas must be considerea. (14) (15) Above M, = 3 fairly high

temperatures will be achieved in state (2) and very low teKoerF tures in

15
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state (3). For on Ms of 4.0)with an Air/Air combination, the temperature

T3 will be 110*K which is below the boiling point of nitrogen and oxygen.

In state (2) the temperature, T2 will be over 12000 K on the basis of

the ideal theory. At these temperatures the specific heat ratio, can

no longer be telen as 1.4 and above M3 = 3 the gas can no longer be

considered an ideal fluid and the real gas effects must be considered.

We are concerned primarily with state (2) behind the shock, as

this will be ou test gas, so our discussion will be limited to this

region. The internal energy content of a diatomic gas is made up as

follows:

1) The kinetic energy of translation of a molecule

2) The energy of molecular rotation

3) The energy of molecular vibration

4) The energy of molecular dissociation into atomic groups

5) The energy of electronic excitation

6) The energy of ionization

As the temperature is increised the higher rotational and vibrational

levels are excited absorbirg heat in the process. This causes an

increase in the heat capacity which in turn increases the specific

heats, Cp and Cv . However, as they both increase about the tame

amount then the ratio, I will be smaller. Added to this effect the

specific heats, and the moleculcr weight, become pressure dependent.

tbove 2000 - 31000 K dissociation occurs giving nitrogen, oxygen ond

their atoic states. These temperatures are also high enough to cause

,I
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chemical reactions such as the formation of nitric oxides. At still

higher temperatures ( 6000°K) electronic excitation and ionization

occur and the ai@ becomes almost completely dissociated giving atomic

oxygen end nitrogen as before, small percentages of the various oxides

of nitrogen, electrons, negative 02 ions and positive ions of nitric

oxide. These conditions would be the same as those produced at the

stagnation point of an insulated blunt body traveling at Mach number

of 16 at an altitude of 60,000 feet.

The transition through a strong shock wave can be qualitatively

described as follows. At the shock front the temperature Jumps to a

high value as active degrees of freedom, translation and rotation are

excited almost immediately in the distance of a few mean free paths.

After this initial jump thermal equilibrium will be reached in an.

exponential manner as energy is transferred to the remaining degrees

of freedom during the relaxation period. Therefore, besides the

variation in the flow propcrties, some coriside~ration must be given to

thc rcl,-,':ion th:,e "to insure that equilibrilz conditions exist for

,.he test to be p.ri.ed.

Figure 11 indicates the variation of the temperature T2 with

';hock Mach number, 1., for two values of the initial pressure. It

is seen that the real gas temperatures are lower at the higher Mach

ri,= ersa e:)scctcd"from the preceeding discussion. Figure 12 compniares

hhe density ratio for a real. and an ideal gas over the same range offs as used in Fig. 11. Here the real gas density is higher than the
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ideal gas case which approaches a limit of 6 while at M. = 12 the real

gas density ratio continues to increase. Due to the increase of density

and decrease of temperature the Dress-a'e is found to be very near the

same for the real gas as for the ideal gas. Therefore, Equation 3.1

will give a fairly good approximation for real gas calculations.

The decrease in temperature behind the normal shock in a real gas

is more pronounced than the change in specific heat ratio or the decrease

in molecular weight. Therefore, the spe,..d of sound in a real gas is lower

for the same shock strength thatn for the ideal case giving a higher

attainable Mach number, Mp behind the shock. This is illustrated in Fig.

13, The maximum value of M2 fbr the ideal case is 1.89 but Fig. 13 indi-

cates that an M2>3 can be obtained for a real gas. As the Mach number of the

flow in region (2) is increased while the temperature and speed of sound are

decreased then the particle velocI ty must be changed very little bythe

real gas effects. This is found to be the case with the real values of

U2 being only slightly greater than the ideal value.

The real gas curves shown in Figs. 11 12 and 13 were computed using

the charts and tables contained in references 18 and 22. The crossover

of the two real gas curves in Fig. 13 is due to the identical behaviour

of the speed of sound ratio ith increasing temperature. The ideal gas

curves were computed from Equations 3.4i, 3.6 and 3.11. References 18 and 22

are two examples of the many excelient sets of tables and graphs available

for the determination of the flow properties behind strong shock waveso(1623)

18
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Table III indicated that there was no appreciable gain in perfor-

mance by introducing an area change at the diaphragm station. However,

these calculations were based on the driver gas being ideal, It has

been shown that if the driver gas density is incieased to a very high

value then there is a considerable gain in performance by using a large

driver-driven area ratio.(2" ) This difference is due to the behaviour

of the attractive and repulsive intermolecular forces, At normal den-

sities these forces are negligible and the performance of a uniform and

non-uniform tube are nearly identical. However, if the driver density

is increased to a very high value there is a considerable advantage in

increasing the chamber area as the repulsive forces then predominate.

It was found in Ref. 24 that an area ratio of five was nearly equivalent

to an infinite area rati6, while a chamber twice the area of the channel

would give half the performance promised by the infinite value for the

case of nitrogen and hydrogen drivers at pressures of 6000 and 2200

atmospheres respectively. It was found that at intermediate densities

the performance relative to an ideal gas would be almost the same for

the non-uniform tube and considerably reduced for the uniform tube.

The test time for identicallength chambers is reduced when using high

density drivers due to the increase in sound speed, a14 which means that

the rarefaction waves reflected from the end at the high pressure section

will travel at a higher velocity. Increasing the chamber length would

recover this loss in test time.

Il,
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5.2 SHOCK WAVE A719:T1UATION

The ideel shock tube theory predicts that when the diophracm breaks

a flow will be set up as shown in Fig. 1. According to this theory a

plane shock wave is produced which travels down the tube at a constant

velocity followed by two steady states separated by a contact surface.

In practice however, this model is not realized. (2) Instead the shock

wave velocity is found to decrease with distance from the diaphragm.

In fact the shock does not reach its calculated speed until a short

distance from the diaphragm due to the formation process. The shock

only attains the ideal value for weak shocks, for as the diaphragm press-

tre is increased the shock never reaches the theoretically predicted

speed, rising to a maximum some distance from the diaphragm and then

attenuating as it progresses down the tube. This effect is also more

pronounced as the shock tube fiameter is decreased.

Due to this shock attenuation the flow quantities in states (2)

and (3) are not steady but vary with time as the shock progresses down

the tube thereby making testing in these regions very difficult. The

problem of shock attenuation has received a great deal of attention in

the last five years. (25 - 28) Many of these investigators have focussed

their attention on the viscous effects which, of course, are not allowed

in the ideal theory. Ther. have been studies made of the boundary
I

layer both theoretical and experimental to determine the causes of the

attenuation.(29 3 0 32) A satisfactory explanation has not been arrived

at although the theories of Triipi md Cohen and K'rels and Braun give

Cood " '.ort.cant at ).oc.r ch nuibers. .TAkro is probably some influence

ti', ,.~ : I" ........ I ,'ei My e the hi:iwhr shock st.rengths whore

P C
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metal diaphragms are used and take a finite time to open. This effect

may be instrumental in reducing the velocity U3 which must match U2 at

the contact surface. The crinplete flow can be considered to be gover-

ened by conditions at the contact surface therefore a reduction in the

velocity U2 will produce a reduction in the shock speed.

The detailed processes of attenuation are not too important in the

operation of a shock tunnel but it is desirable to have as little attenuation

as possible so that the flow conditions will be fairly steady during

the test period. Considerable work has been carried out to determine

what initial conditions will give the least attenuation. (28,33) In

addition to the causes given above it has been generally found that a

greater attenuation is experienced as the sound speed of the driver gas

is increased. Figure 14 shows typical attenuation measurements for

several driver gas compositions. The results for helium give the least

attenuation but this driver gives the lowest initial shock strength.

The combustion driver, which is the most efficient type, produces the

highest initial shock strength but at L/D of 150 the shock has ettenuated

to a lower speed than the helium driven shock. It is necessary in both

straight shock tubes and non-reflected type shock tunnels to have as

long a driver section as possible in order to have reasonable test

times. The attenuation could be alleviated by increasing the diameter

thus reducing the L/D ratio but there is a limit to this due to structural

and handling reasons.

Experimental eveidence has shown that the attenuation is inversely

proportional to the shock tube Reynolds number)s(alDl /.). For a

given shock tube using air as the test gas the Reynolds number can

2]
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only be adjusted through the kinematic viscosity or mote precisely

by adjihsting the initial pressure, pl. From the attenuation st.and-
e

point, it is desirable to have pl as large as possible. However, if

cold drivers are used, wh-.ch seems desirable from a study of Figure 14,

a low initial pressure will be required to produce the diaphragm

pressure ratio to give the same shock strength. These requirements

are at cross purposes and, as usual, a suitable compromise must be

found in order to reduce the attenuation effects.

6. mTHODS OF GENERATING HYPERSONIC FLOW

6Ai EXPANSION NOZZLES

It has been shown in the previous section that, although the

proper temperature may be achieved in a straight shock tube, the

maximum Mach number is too low for hypersonic simulation. In .,order

to overcome this difficulty the hypersonic shock tunnel was developed.

By plercing and expansionmzzle at the downstream end of the conventional

shock tube the flow behind the shock can be expanded to abigher Mach

number. 3 4 -3 7 ) Therefore, by a proper choice of shock strength and expen-

sion ratio it is possible to simulate both temperature and Mach number.

Figure 15 presents the shock tube area ratio required over a range of

test section Mach numbers.

The simplest type of installation is a single stage expansion

nozzle placed at the exit of the driven section of the tube, the

fincl Mach number being determined by the area ratio. This system

is known as the nonreflected method. In Ref. (35) a set of mahogany

liners were instlled in the shock tube with the nozzle located at the
2
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existing test section. Using this simple scheme a study was made of

the flow in the nozzle. Figure 16 illustrates the wave system set up

in a shock tube of this type. As the initial shock wave, S1 enters the

nozzle it weakens locally and develops curvature which propagates from

the wall to the centerline of the tube as the shock moves into the

test section. As the shock weakens the velocity of the particles

behind decrea es, however, the particles originally set in motion by the

passage of the shock down the uniform tube, (A6 ) accelerate as they pass

through the expansion waves at the mouth of the nozzle and increase

in velocity. Therefore, there is another shock created which separates

the two flow regions 2 and 4, (Fig. 16). Due to the entropy being

different behind each shock there is also a contact surface formed

which separates the regions 2 and 3, (Fig. 16). The wave S2 attempts

to propagate upstream but as it is moving against a. supersonic flow it

is swept downstream through the nozzle. As S1 moves through the nozzle

it weakens which, in turn, causes S2 to become stronger. If S2 grows

sufficiently strong it ill not be swept out of the nozzle but will

remain standing in the nozzle preventing the tunnel from starting.

Shock tunnels have been built which use double and triple expansion

nozzles for the generation of hypersonic flow. This system enables the

test section area to be reduced over that required for the system shown

in Fig. 16. In order to obtain reasonable testing times at hypersonic

Mach nubers it is necessary to have a fairly long. shock tube. However,

with longi tubes the boundary layer built up on the walls may be quite

23
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thick causing severe attenuation probloms. A method of circumventing

this is to increase the diameter but this in turn means increasing the

test section area of the driven section. By introducing a two step

nozzle, which giveb two stage expansion and also drains off the boundary

layer created behind the initial shock wave, the test section area can

be decreased. This type of shock tunnel is illustrated in Fig. 17.

6.2 STARTING PROBLEm

The flow duration is the time between the departure of the start-

ing wave system SI, C2, S2, Fig. 16, from the test section and the

arrival of the initial contact surface. In order to make this testing

time as long as possible it is necessary to ensure that this wave system

is swept through the test section in as short a time as possible!38 ) The

goverming factor is the strength of S2 which for ideal starting must

be a sound wave. By placing a diaphragm at the nozzle entrance the

test section can be evacuated to a pressure much below the pressure

in the uniform tube which will in turn strengthen the initial shock

wave when it enters the nozzle. Therefore the velocity difference across

S2 will be reduced and in the limit S2 will become a sound wave. If

the initial pressure in the nozzle is decreased still further expansion

waves will be formed moving towards the nozzle entrance. However since

expansion waves move at the local speed of sound relative to the flow

there is no gain in reducing the px ssure ratio across the nozzle

diaphragm below that value required to make S2 a sound wave. Fig. 18

gives the pressure ratio required across the nozzle diaphragm to ensure

,' r!r:t startinr for a rmngCe of test section Mach niunbers. This figure

24
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indicates that an extremely large pressure ratio is required to obtain

a perfect start for Mach numbers greater than 10.

Figure 19 shows the effect of reducing the pressure ratio across

the nozzle diaphragm thus giving an imperfect start. In this case the

wave S2 (Fig. 16) will stand in the nozzle and suggests the possibility

of placing a plenum chamber downstream of the test sections This

chamber will create an expansion wave which will then move upstream,

weaken the shock S2 and pull it through the test section. A schematic

draving of the arrangement is shown in Fig. 20 while Fig. 21 indicates

the pressure ratio required of the plenum chamber for a range of hyper-

sonic Mach numbers in the test section.

A plenum chamber may also be employed when the shock S2 is not

standing in the test section. In this case the expansion waves from

the plenum will further accelerate the starting process and thus in-

crease the test time. If the pressure in the nozzle and test section

were low enough to ensure a perfect start, addition of a plenum chamber

would not improve starting, however, the addition of a plenum is advan-

tageous in another way. For a perfect start, S1 (Fig. 16) passes through

the test section at a high velocity and a long test section is required

to prevent the reflected wave returning and destroying the flow before

the arrival of the original contact surface, Cis By adding a plenum

chamber at the end of the test section this reflected shock can be

greatly weakened. Therefore, by using a plenum of large cross-sectional

area and shock length the facility may be male more compact and even

reduce the pumping capacity required.

25



CONVAIR - San Diego Report No. ZR 658-050

6.3 Tim., REFLFCT M!FMiOD

If, instead of the straight expansion nozzlep the driven section

is terminated by a regular convergent-divergent hypersonic nozzle a

reflected type shock tumel resuLts. At the hypersonic Mach nwmbers

of interest the area ratio is so large and the throat area so small

that the nozzle will act as a solid plate and the initial shock wave

will be completely reflected. This means that the gas following the

shock will be compressed a second time and brought to rest creating

a high pressure, high temperature, staguant reservoir of air to be

expanded through the nozzle. The reflected shock governs the duration

of steady flow, interacting with the contact surface and returning to

the nozzle. A wave diagram and sketch of this method is shown in Fig.

22.

The reflected method has the advantage that hypersonic flow is

initiated from a reservoir with almost constant supply conditions.

Therefore, the problems of shock attenuation, which would constantly

vary the test conditions, and boundary layer build up behind the

initial shock wave are not present. For the same t e-pbrature require-

ments the initial shock may be weaker than in the nonreflected case,

or converselyhigher stagnation temperatures are obtained for the wine

shock strength. The testing time for the same Mach nunber is also

slihlby increased due to the decrease in required initial shock strength.

The sstxtinz problems with this type of tunnel are essentially the

.o '.," -,; thA, o'' the nonreflected type aind a diaphragm at the nozzle is

26
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desirable in order to reducc, the starting time. In the nonreflected

case the entrance 14tch nuiber pIay be as high as 1.89, based on perfect

fluid theory, however, for the reflected type the Mach number will be

unity at the throat. Fig. 23 presents the pressure ratio required across

the nozzle diaphragm over a range of test section Mach numbers. Comparing

this figure with Fig. 19 it is seen that there is a reduction in the

pressure ratio required for starting in the reflected case.

6.4 THE TAILORED-ITERFACE MODIFICATION

The test time in the reflected shock type of tunnel is limited to

the time interval between the arrival of the initial shock wave at the

nozzle and the return of the secondary wave generated by the shock-

contact surface interaction. A considerable increase in testing time

is possible if the reflected shock can be made to pass through the

contact front without producing any additional waves. This type of

tunnel derives its name from this impedance matching or "tailoring",

end two examples are illustrated in Fig. 24. If a second convergent-

livergent nozzle is placed at the initial diaphragm station then the

supersonic portion of the rarefaction wave can be eliminated and the
I

reflected shock will traverse the full length of the driven section

before returning to the downstream nozzle. In this case the driver

section must be long enough to ensure that the reflected rarefaction

wave does not reach the downstream nozzle before the reflected shock

n-ve returns. One disadvantage of the method is that the area ratio

of the nozzle at the initial diaphragm station must be changed for

each Mach niber.

2.7
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If the reflected shock wave passes through the contact front

'without creating any additional waves the driver and driven gases

must~ be at eq~ual. pressure and velocity behind the reflected shock.

As the driver and the driven gases already are at equal pressure and

velocity ahead of the reflected shock wave, the pressure ratio and

velocity difference across the reflected shock are the same for the

two gases. This may be stated mathematically with the aid of Fig. 24.

The conditions for nonreflected waves are asfolw.(0

P7 _ i _

In the second of these two equations we have a Mach number and

the speed of sound. In this case the strength of' the incident and

transmitted shocks are equal only if expressed in terms of their

pressure ratios. The change in Velocity across the shock may be

expressed in the following manner.

Combining (6:4i:1) and (6:4:2) gives

~ ) , )(6: 4 3)
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This equation must be satisfied whenever a shock passes through a contact

surface without creating a reflected wave. For equal values of I the

equations then depend solely on the speeds of sound in states (2) and

(3). This would be the case for a H2/Air combination. Therefore knowing

the initial pressure PI, the shock wave Mach number and the driver gas

then the required initial pressure and temperature of the driver gas

can be calculated.

Figures 25 and 26 give the initial diaphragm pressure ratio and

the initial driver gas temperature required for tailoring over a range

of test Mach numbers for helium and hydrogen drivers. It is seen from

Fig. 26 that helium at room temperature will tailor at a Mach number

of 7.5, hydrogen at 10.6. In order to use the tailored interface tech-

nique at higher Mach numbers the driver gas must be heated. Figure 27

gives the variation of flight Mach number with shock Mach number for

these conditions. Another disadvantage of the steady configuration,

indicated by the figures, is the increased pressure and temperature of

the driver gas required for this modification. However the steady

tailored interface method produces test times three times greater than

the unsteady modification and twenty-five times the nonreflected method.

A comparison of testing times is shown in Fig. 28.

6.5 MEAL GAS EFFECTS IN A HYPERSONIC SHOCK TUNNEL

In Section 5 the real gas effects in the production of strong

shocks were considered. A brief consideration vill be Given here of the

real gas effects on the design of a hypersonic shock tunnel, using an

expansion nozzle. Figure 29 indicates the variation of test section
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. . M .'. : m ::er:" for ('., '. ,,-,. P rho u,.l e h r lo b , :.V .or a: r e-,.. g.t.,, re Leum Anbed

Vor in rquilir.i. ,m .;t section - .at i erature of 218"K, corre3pXnding

1-o the isothermal atmosphere. The curve for the- ideal. gus case is also

shown for comparison, Pnd is approximately ( per cent lower than the real

gas results. Tho density variation is shown in ig. 30 and the reel (gas

values are decreased conpared to the ideal, gas. Figure 31 presents the

area ratio variation and, as would be expected from the density results,

the real gas area ratio is considerably increased. In the reflected type

the temperatures ahead of the nozzle may be high enough for dissociation

to occur. When the gas is expand '. through the nozzle the cooling rate

will be very high and some of the constituents such as NO may be frozen.

Moother problem encountered using the reflected method ,s the loss of

energy by radiation from the hot gas behind the reflected shock., which

becomes more importont as testing 'times are increased. These increased

test times are possible using the tailored interface modification and

so the radiation losses will have to be considered in a shock tunnel

of this type.

63.6 pYrYOLDS iUm3%BER iuD SmAmiqAuIOu TV.vu.T SIMULATION

In ord.er to do hyptroonic testinl it is desirable to simlate free

flight conditions as closely as possibl,. -nhis neons simulatina Mach

..nu.br, .;taz.atio,. t .,nrature t'.nd ui,:,-oLds nimber. In the straight

s, ho-J t1, it is 'os'.b]. Lo simulate the ,entnerature and Reynolds ntmnber

,.,.the . nuihit .D.,! L;:: to .a Val1e o*, il)ree as sho n ill FIG. 13.

f'..:. :,: ,;:o.::A::u:v t . ", : . h''.tb....,v,, , ." 1. O t. drlv n section.

30
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enables the flow to expand to a high Mach number but in doing, so may

limit the other two conditions. The correct Reynlds number and stagnation

temperature are controlled by the initial condition before the teat gas

enters the nozzle and thereby the strength of the initial shock wave.

Figures 32 and 33 show the Reynolds number variation with test hach

number for a perfect gas,( ' = 1.4).and a test section static temperature

of 518.4°R for a range of pressures behind the initial shock wave. Due

to the- decrease of density caused by the real gas effects (Fig. 30) the

actual Reynolds number will be lower than those shown. For a given

static pressure in the driven section, higher Reynolds numbers are

realized with the nonreflected technique.* Even though the Reynolds

numbers shownv here are lower than those possible in region (2) of a

straight shock tube this may not be important as the Reynolds number

of a body traveling at a hypersonic Mach number ( 20), at high altitude

(100,000 ft.), is relatively low (2 X 106/ft.). Therefore the attain-

went of a high Reynolds number will not be difficult for this class of

problems.

7 CO;lCLUDIMG PE M1AR1

This report has attempt;6d to outline the basic theory of the shock

tube and describe most -of the modifications to the basic tube that have

beon devised for- hypersonic testing. Detal.ed calculation and theory

have been omitted but these may be found in the many references cited.
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APP EN DIX A

NOTATION

Figure 1 serves to define the flow regions in the basic shock

tube. 9he notation Air/Air, He/Air and H2 /Air denotes a gas com-

bination across the diaphragm, the left-hand symbol representing

the gas in the driver section, the right-hand symbol the gas in the

driven section.

a Velocity of sound

A Area

Aij t;Dimensionless speed of sound ratio (i.e. A14 =a/a4)

Cjj Dimensionless rarefaction wave speed

D Diameter

Eij Dimensionless energy ratio (C T) (Cv T)a

g Equivalence factor (Eq. 4:3:2)

L Length

Ms  Shock Wave Mach number based on speed of sound of gas
into which it travels

M Mach number

P Pressure

PO Overall pressure ratio (see Section 4.2)

Pij Dimensionless pressure ratio (10.e. N

PPressure in region (4), Fig. 4 for double diaphragm
dP41  shock tube (Sect. 4.2)

Phs Pressure in region (it) for single diaphragm shock tube
P(Sect. 4.2)

t Time

T :t'U!,ier urc
|'36
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Tij Dimensionless temperature ratio (i.e. T2/Ti)

Temperature in region (1 ), Fig. )i for double diaphragm
shock tube (Sect. 4.2)

Tcmpcrature in region (h), for single diaphragm shock4s tube (Sect. 4.2)

u Particle velocity

Uij Dimensionless particle velocity (i.e. U2/9 1 )

x Position along the shock tube measured from the diaphragm

Ratio of specific heats (Cp/CV)

2Y

Dimensionless density ratio (i,.e. e. n.)

VKinematic viscosity

eDensity
C Contact surface moving to the right

R Backwiard facing rarefaction wave (particles enter from left)

S Forward facing shock wave (particles enter from right)

Quantities not included here are defined in the text or on the

figures in which they appear.
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FIG. 6 - Shock Tube with an Area- Discontinuity

1IG. 7 - Shock Tube with a Convergent Trancillon Section. The
dnhel l.incs in the diaLphragm section denote a convergent
-,IJ.vergcnL genometry with minimu orea at 3b'
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PLOW TROftUGH NOZZLE IS
ASSUMED TO NAVE A HEOL ItIfL E
EFFecT oN THE WAVE DIAGRAM
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0

Figure 22 -Wave diagram for the reflected method. (Ref- 37)
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Figure 24i Wave diagrams of shock tube modifications for increased
testing time. (Ref. 12)
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Figure 27 - Variati'on. of flight: Mach number pvth shock .Mach
numbers (stead.y configuration). (Ref. 39)
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Figure 28a -Testing time for four modifications. (Ilef. 37)
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Figure 28b - Nominal testing time of hypersonic shock tunnel modifications

based on equilibrium real gas calculations. (Ref. 12)
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Figure 29 - Variation cf Test Section Dtach nimber with driver
slhock ITc;, nutber. (Ref. 14)

/



~iICONVAIR -San Diego Report No. ZR 658-050

fl A'IM: 'M 4:: .
. . . . . .. .. . . . . . . . . .

...... ... ... ... ... ..

... ...0.. .. ......

iTS' EC'1.V AC NMBR.M

Fiue3m est nts etono yesncsok~ne s

test sct~on ach nuber..(e....h

HIM II

OI7



C0INVAIR San Diego Themo:'t No '2a 658-050

.#eTs EST REIACHNMEM

Fiue 1- p:n~ano~~i ~o~ c~. ~in=7~.ts
Ie~.r Vahuue k %

4,0

/coot



CONVAIR - Ban~ Diego £Reiort N~o, ZRi 658-050

SEA L E.VEL
/00.......

/y-35,000 r rOEwSlr'

-6,0 00 r

....... ...... . . . . .

4.9-

-4

197L 0 /6/ r A1 W4U- 3R

Al 161 rJ. 410 NM 6R
Figure 32 -Performuance of tbe noljxef.Lected m~ethod) -v pT -51-1,

T = 391, 0R, It a 1716 FV'-/SEC'~ OR, p saic presure*~~ ~ bibind the inaidenit shock (LB/Ix~e) (Bf- 37)
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Figure 33 - Performaic of the reflecqed zrtod T1  516*40Rp
Tf a 391.8 R, R = 17116 FTg/SEC oR, p6  static pressure
behind the reflected shock (I/IN2) (Ref. 37)
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Jui 30 OF0 103  10,____ 105

1; 1.61412.68 4.39 _720 J31179

TAZ 2
MW N SNOOK MRC NM FOR IW1IPU DLUWDM SNOOK MM1(Ref, 9)

Driver -Driven __________________

____Gas Coiinations 1 1.53. 2.25 00

NJ2  6.1.8 6.34 6.147 6.76
%1/A 7.48 7.69 7.84 8.20

A 1 Be/%f 10.9 '11.3 u.6 12.5

ire/A 12.8 13.3 13.7 114.7

NoJN2  22.6 .23.2 23.6 214.7

He/1f2 114.8 15.14 15.9 17.1

*,,: 2 HO/A 18.0 .18.8 19.3 20.8

31.9 '32.8 33.4 34.9

_________ 38.9 '10. 4o.7 42.6

TABLE~ 3
MIM 7,4 WOLUElS To.' SH!OCK t.%Cl 1ThrjDWRq Ijs lp p 1  00 (Rc~. 10)
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